Abstract
Water quality in Chesapeake Bay has been adversely affected by agricultural, industrial, and urban development in the watershed. To assess the effects of these activities on water quality in the non-tidal part of the Bay's watershed in Virginia, nutrient and suspended solids concentration data, collected by Federal and State agencies between 1985 and 1996, were compiled and analyzed. The annual load, yield, and trends in nutrient and suspended solids concentrations for 35 stations were computed. The annual yields were analyzed spatially by comparing geology and land cover within and between five major river basins in Virginia: Shenandoah/Upper Potomac, Lower Potomac, Rappahannock, York, and James.
Three water-quality constituents total nitrogen, total phosphorus, and total suspended solids were the focus of the spatial analyses. The range in the mean annual load of total nitrogen was 21 to 6,770 tons/year, the range in the mean annual load of total phosphorus was 5 to 1,518 tons/year, and the range in the mean annual load of total suspended solids was 159 to 812,894 tons/year. In general, the load increased with basin area. Mean annual yields of total nitrogen ranged from 1.38 to 15.05 (pounds/acre)/year. The lowest values of loads and yields generally were those for basins having high percentages of forested land cover and siliciclastic rock. The highest values of total nitrogen usually were associated with basins having large percentages of agriculture, urban areas, or carbonate rock. The mean annual yield of total nitrogen was highest in the Shenandoah/Upper Potomac River Basin. The mean annual yield of total phosphorus ranged from 0.17 to 3.15 (pounds/acre)/year. The largest mean annual yield of total phosphorus was found in the upper James River Basin and was attributed to incomplete wastewater treatment during the early years of the study period. Values of mean annual yield of total phosphorus among the highest values determined for the entire study area were found in subbasins having various land covers and geologies. These high yields of phosphorus appear to be related primarily to the percentage of agriculture and the amount of industrial and municipal discharge in a subbasin. The mean annual yield of total suspended solids varied greatly across the study area, and ranged from 28.94 to 1,456.95 (pounds/acre)/year. Other high yields of total suspended solids were associated with agriculture and urbanization.
INTRODUCTION
Chesapeake Bay is the largest estuary in the United States, draining approximately 64,000 mi of Delaware, the District of Columbia, Maryland, New York, Pennsylvania, Virginia, and West Virginia. The estuary stretches nearly 200 miles from its origin at the confluence of the Susquehanna, Northeast, and Elk Rivers in northeastern Maryland to its outlet to the Atlantic Ocean in southeastern Virginia. More than 15 million people live within the watershed that includes the large metropolitan centers of Washington D.C., Baltimore, Md., and Hampton Roads, Va. Chesapeake Bay provides thousands of jobs to workers in the fishing and shellfish, recreation, and shipping industries. Its waters and coastal areas support an abundant and diverse wildlife population.
The living resources of Chesapeake Bay have been degraded as a result of increases in the amount of nitrogen and phosphorus compounds (nutrients) and sediment entering streams from dairy and cattle farms, areas of intense agriculture, and urban development in the watershed (U.S. Environmental Protection Agency, 1995) . An overabundance of algae in the bay that results from elevated nutrient concentrations restricts light penetration, which reduces the extent of submerged aquatic vegetation used by shellfish larva and fish for food and protection. Decay of algal cells depletes the water of dissolved oxygen and can result in the loss of habitat and the death offish, shellfish, and other aquatic organisms.
In order to address problems related to nutrient increases, the District of Columbia, Maryland, Pennsylvania, and Virginia signed the Chesapeake Bay Agreement in 1987. The agreement commits these States, along with Federal and local agencies, to work toward a 40-percent reduction in controllable nitrogen and phosphorus loads reaching Chesapeake Bay by the year 2000, based on 1985 levels (U.S. Environmental Protection Agency, 1988). Achievement of this goal is predicted to improve the low dissolved-oxygen conditions, reduce the extent and duration of algal blooms, and improve the clarity and water quality of Chesapeake Bay. Long-term monitoring programs in Maryland, Pennsylvania, and Virginia are used to assess the success of nutrient and sediment reduction strategies.
In 1994, the U.S. Geological Survey (USGS), in cooperation with the Virginia Department of Environmental Quality (DEQ), began publishing periodic reports on the loads and trends of selected nutrients and suspended solids at Fall Line stations on five major Virginia tributaries to the Chesapeake Bay (Bell and others, 1996; Belval and Campbell, 1996; others, 1994, 1995) . (The Fall Line marks the boundary between the Piedmont Physiographic Province and the Coastal Plain Physiographic Province and generally represents the upstream reach of tides.) This report is a continuation of that series and is expanded to include an additional 30 stations above the Fall Line and a discussion of the spatial distribution and temporal changes in concentrations, loads, yields, and trends.
Purpose and Scope
The purpose of this report is to describe the spatial relations among selected nutrients and suspended solids in streams and land cover, geology, and physiography in the non-tidal parts of five large river basins in the Virginia part of the Chesapeake Bay watershed. This report will also help to identify data limitations and additional monitoring needs.
The water-quality data presented here are derived from analyses of water samples collected from streams in the five basins between 1985 and 1996 by the USGS and the Virginia DEQ. Summary statistics of the concentrations, annual loads, annual yields, and flow-adjusted trends of selected nutrients and suspended solids were calculated for 35 stations. The percentages of land cover, bedrock geology, and physiography were determined for the drainage basin above each station and used to assess spatial differences in nutrients and suspended solids.
Description of Study Basins
The study area was divided into five major river basins for analysis: Shenandoah/Upper Potomac, Lower Potomac, Rappahannock, York, and James. Loads were calculated for any non-tidal river waterquality monitoring station in these basins for which both continuous-flow records and concentration data were available; 35 stations met these criteria. The major river basins were then divided into subbasins, which represent the drainage area of each of the 35 load stations. The major river basins, subbasins, and load stations are shown in figure 1. The load station number, concentration station number, and USGS flow station number; the subbasin area; and the station name for each subbasin are summarized by major river basin in table 1.
Sixteen of the 35 load stations are located in the Shenandoah/Upper Potomac River Basin, the second largest major river basin in the study area. The Shenandoah/Upper Potomac River Basin lies in the Appalachian Mountains and consists of a series of long valleys and ridges oriented southwest-northeast. Two large rivers drain the watershed, the North Fork Shenandoah River and the South Fork Shenandoah River. The area of the South Fork Shenandoah River Basin is twice that of its northern counterpart. The two forks converge several miles northeast of the city of Front Royal to form the Shenandoah River, which drains into the Potomac River. Opequon Creek drains directly into the Potomac River, and stations in that subbasin are included in the analysis of the Shenandoah/Upper Potomac River Basin.
The Lower Potomac River Basin is represented by a single load station (LP1 on figure 1 The Rappahannock River Basin is the first major river basin south of the Potomac River Basin. The Rappahannock River Basin is predominately rural, but water-quality issues specific to urban development will become increasingly important as rapid expansion around the cities of Fredericksburg and Warrenton continues. The Rappahannock River Basin is represented by five load stations four stations (R1-R4) are on streams that drain areas of the eastern Blue Ridge and Piedmont Physiographic Provinces, and one station (R5) is on a stream that drains a small upland area in the Coastal Plain.
The York River Basin consists of two separate, smaller basins, the Mattaponi River Basin and the Pamunkey River Basin, whose rivers join to form the York River downstream from the study area. Nearly 70 percent of this major basin is covered by forest and about 20 percent is classified as agricultural land. Unlike the other basins in the study area, the York River Basin contains significant percentages of barren land, open water, and wetlands. The Mattaponi River, the more northerly and smaller of the two rivers, is represented by a single load station (Y3) near the town of Beulahville. The Pamunkey River Basin contains two load stations, one (Y1) on the North Anna River, located about 25-river mi downstream from Lake Anna, and another (Y2) on the Pamunkey River near the town of Hanover. No major cities lie within either the Mattaponi or the Pamunkey River Basins; although the southern Pamunkey River Basin is becoming increasingly developed as the suburbs of Richmond expand northward.
The James River Basin is the largest and most southerly of the basins selected for this study. This basin is also the most varied in terms of geology and physiography. The James River originates in the Appalachian Mountains near the West Virginia border, flows through the Richmond metropolitan area, and joins the Chesapeake Bay near the cities of Hampton and Norfolk in southeastern Virginia. The farthest downstream station on the James River (J9) is just upstream from the city from Richmond. The Appomattox River joins the James River downstream from Richmond near the city of Hopewell, and it is included with the discussion of the James River Basin.
Previous Studies
Nutrient loads within the Chesapeake Bay watershed were calculated by a number of earlier investigators. Cohn and others (1992) estimated loads entering Chesapeake Bay from the Choptank, Patuxent, Potomac, and Susquehanna Rivers in Maryland with the use of a seven-parameter, log-linear-regression model, which incorporates the Minimum Variance Unbiased Estimator developed by Bradu and Mundlak (1970) . Belval and Campbell (1996) and Bell and others (1996) have used the same method to estimate loads at the Fall Line monitoring stations on the Rappahannock, Mattaponi, Pamunkey, James, and Appomattox Rivers in Virginia. This study uses similar methods to update the loads for these stations and includes an additional 30 non-tidal stations. Langland and others (1995) applied the load estimator model at 127 stations on streams across the Chesapeake Bay watershed and presented a spatial analysis of the results.
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METHODS OF INVESTIGATION
Concentration and discharge data were used to estimate loads and flow adjusted trends at 35 stations on streams in non-tidal basins in Virginia. Geographic information system (GIS) data layers of land cover, geology, and basin geometry were obtained or generated for the spatial analyses. The following sections describe the data sets and methods used to generate data needed for the analyses described later in this report.
Compilation of Water-Quality Data
The water-quality data set used for this report were compiled from data collected by the USGS/Virginia DEQ Chesapeake Bay River Input Monitoring Program, and from the U.S. Environmental Protection Agency's (EPA) STORE! data base. The USGS, in cooperation with the Virginia DEQ, collects water samples during base-flow and stormflow conditions at five stations collectively known as Chesapeake Bay River Input Monitoring (RIM) stations. Data collection at these sites began in 1988 on the Rappahannock and James Rivers and in 1989 on the Mattaponi, Pamunkey, and Appomattox Rivers, and continues today. At each RIM station, approximately 24 base-flow samples and 20 stormflow samples are collected annually. These data are stored in the USGS National Water Information System (NWIS) data base in Richmond, Va. Reports by others (1994, 1995) , and Bell and others (1996) have described the data-collection methods and quality-assurance procedures used to develop the USGS data base.
Data retrieved from EPA's STORET data base that met the following criteria were included in the data set:
1. Nutrient or suspended solids samples collected between October 1, 1984 and December 31, 1996. 2. Data collected during a minimum of 3-consecutive years. 3. At least 50 samples collected with at least 1 sample from each season. 4. Continuous-discharge data available at the waterquality monitoring station, or continuous-discharge data available within 1,500 yards of the water-quality monitoring station with no significant changes in the hydrology between the two stations.
On the basis of these criteria, 30 stations were selected for analysis. The Virginia DEQ collected all the data retrieved from STORET.
Compilation of Hydrologic Data
Flow data used in this study were collected at streamflow-gaging stations operated and maintained by the USGS or the Virginia DEQ using methods described in Rantz and others (1982) and conforming to USGS standards. Daily mean values of flow were used with the concentration data set as input to the load estimator model.
Estimation of Loads
Loads of nutrients and suspended solids were estimated using the seven-parameter, log-linearregression model developed by Cohn and others (1989) . The model uses the Minimum Variance Unbiased Estimator (MVUE) developed by Bradu and Mundlak (1970) to correct for the bias introduced when the data is transformed from "log space" back into "real space." The MVUE regression model has been used to estimate loads in a number of other investigations in the Chesapeake Bay Basin region (Cohn and others, 1992; Belval and Campbell, 1996; Bell and others, 1996) . The model calculates the standard deviation for each estimated load, which was used to calculate a 95-percent confidence interval for that load. Annual loads having confidence values in excess of 80 percent of the estimated load were not used in the analyses. The reader is referred to the above references for a more detailed description of the model. A complete list of the annual loads and errors used for this study is available in Langland and others (1998) .
The accuracy of the regression produced by the MVUE regression model is affected greatly by the quality of the data set. The model will work best with at least 50 concentration values from samples collected during a 3-year period. The regression model generally will produce a better fit to the data if a longer period of record and a larger number of samples are available. Availability of values for samples collected during the full range of observed flow conditions also will greatly enhance the accuracy of the model.
Too few, or a lack of, samples collected during high streamflow conditions can result in a significant error in the estimated load. If samples have been collected only during low and moderate streamflows, the relation developed between concentration and flow will be representative of only those flow conditions. This relation must then be extrapolated to estimate concentrations for higher streamflows. Because the regression is performed on log-transformed values of concentration and streamflow, a small change in the slope of the regression line can result in a large change in the extrapolated value. An underestimate or overestimate of the extrapolated concentration value can result.
An example of this problem was discovered in comparing the estimated annual loads of total suspended solids for the James River at Cartersville (J8) to the values estimated for the James River at Richmond (J9). The Richmond station is about 40-river mi downstream from the Cartersville station. No appreciable changes in land cover or geology occur and no major tributaries or point source discharges enter the James River between the two stations. Thus, loads of nutrient and suspended solids loads at the two stations should be similar, and indeed, the estimated loads at the two stations for low-to-moderate streamflow years, such as 1989-95, agree reasonably well ( fig. 2 ). However, during exceptionally high streamflow years, such as 1996 when daily discharge was as high as 130,000 ft3/s, the estimated suspended solids load was significantly larger at the Richmond station. The estimated loads between the two stations probably differ because the regression was fit to the available data, and values of concentration for high-flow conditions must be extrapolated from this relation. More high-flow samples have been collected at Cartersville than at Richmond. For 1996, the 10 largest concentration values of total suspended solids collected at the Cartersville station ranged from 446 to 800 mg/L and had corresponding discharges ranging from 16,700 to 130,000 ft3/s. In contrast, the 10 largest concentration values collected at the Richmond station ranged from 69 to 286 mg/L and had corresponding discharges ranging from 8,870 to 58,700 ft3 /s.
The undersampling of high streamflow conditions is expected to result in smaller errors in estimated loads of total nitrogen and total phosphorus because (1) concentrations of those are much smaller than for suspended solids and (2) the range of concentrations of nitrogen and phosphorus is much smaller than the range of concentrations of total suspended solids. An example of probable underestimation of total nitrogen loads at the Richmond station (J9) is depicted in figure 3. s< O s-14,000,000 12,000,000 10,000,000 8,000,000 W Q 6,000,000 d 4,000,000 0 2,000,000
James River at Cartersville (station J8) James River at Richmond (station J9) 1985 1986 1987 1989 1990 1991 YEAR 1992 1994 Figure 2. Difference in the calculated annual loads of total suspended solids for the James River at Cartersville and the James River at Richmond. (The Cartersville site has data for a large range of flow conditions, whereas the Richmond site has data for a limited range of flow conditions.) Figure 3. Difference in the calculated annual loads of total nitrogen for the James River at Cartersville and the James River at Richmond. (The Cartersville site has data for a large range of flow conditions, whereas the Richmond site has data for a limited range of flow conditions.)
Methods of Investigation

Estimation of Trends
Because the concentration of nutrients and suspended solids in a river generally fluctuates with flow conditions, evaluating long-term changes in nutrient and suspended solids is difficult by simply viewing a time series of raw concentration data. One method of evaluating long-term changes of nutrients and suspended solids input to a river is by computing a flow-adjusted trend in concentration. For this report, the method for computing flow-adjusted trends described by Bell and others (1996) is used. The decimal time coefficient (P3 ) from the load estimator model and the period of record (;) are substituted into the following equation to obtain the trend:
Trend in percent = 100(e p3 '-l).
(1)
Trends were calculated for all constituents for which a load was determined and are expressed as a percent change during the period of record (t). A positive trend indicates that an increase in the concentration of a constituent would be observed during the period of record, if flow were constant throughout that period. A negative trend indicates that a decrease in the concentration of a constituent would be observed during a constant-flow period. The probability that a computed trend is real and not caused by random variations in the data is measured by the probability value (p-value) of the decimal time coefficient, (^3. For example, a p-value of 0.05 would mean that there is a 95-percent chance that the trend computed for some value of (33 truly exists in the data and is not a result of random variations. A p-value of 0.09 for that same (33 would mean that there is a 91-percent chance that the computed trend is real. Additional description of trend calculations from the MVUE regression model can be found in Bell and others (1996) .
Compilation of Spatial Data
The geology data layer used for this study was a GIS polygon coverage of formation contacts. The geology and physiography data layers were intersected and grouped into regions, referred to as litho-physiographic regions, or LPR's, where the hydrologic system and water chemistry are expected to be similar. In defining the LPR's, formation contacts were given precedence over physiographic province boundaries. Seven different LPR's were identified in the study area (table 2) ; their distribution among the 35 subbasins is shown in figure 4 . The land cover data layer used for this study was derived from the EPA Region III Land Cover Data Set Version 2 (U.S. Environmental Protection Agency, 1996) . This data layer is a raster grid generated from Landsat mosaic images taken between 1991 and 1993. Land cover is divided into 15 different classes and has a resolution of 30 meters. For this report, the 15 land cover classes were generalized into 6 categories, which are defined in table 3. The generalized land cover for the 35 subbasins is shown in figure 5 .
Drainage basin boundaries used for this study were generated from the Virginia Department of Conservation and Recreation Division of Soil and Water Conservation drainage basin coverage (1995) . New lines were added to delimit drainage basin boundaries to the 35 load stations.
The litho-physiographic data layer and the land cover data layer were intersected with the subbasin boundaries to determine the percentage of each LPR and land cover within a subbasin. The distribution of land cover and LPR for each subbasin in the study area is provided in table 4. 
PHYSICAL FACTORS AFFECTING THE DELIVERY OF NUTRIENTS AND SUSPENDED SOLIDS TO RIVERS
Geology, physiography, and land cover are the primary controls on the delivery of non-point nutrient and suspended solids loads to rivers. Geology controls the delivery of nutrients and suspended solids by: (1) determining the soil mineralogy and, in part, grain size, which determine infiltration rates and the potential for nutrient retention through sorption of chemical binding; (2) determining the distribution of phosphorus bearing rocks that may function as a natural source of this nutrient; and (3) delaying and potentially reducing the delivered load of dissolved nutrients by first routing them through the ground-water system. Physiography controls the delivery of nutrients and suspended solids by determining the distribution and slope of mountains and valleys that affect rainfall and runoff patterns. Land cover controls the delivery of nutrients and suspended solids by determining: (1) the quantity and type of nutrients that are released into the environment; (2) the speed at which nutrients are taken up from the environment; (3) the quantity and type of nutrients that are stored; (4) the length of time nutrients are store; and (5) the soil retention and erosion rates.
NUTRIENT AND SUSPENDED SOLIDS CONCENTRATIONS
The distribution of concentrations of total nitrogen, total ammonia, total nitrite, total nitrate, total Kjeldahl nitrogen, total phosphorus, dissolved orthophosphorus, and total suspended solids for each of the 35 load stations in the study area are shown in box plots of the data (figs. 6-10). The median and interquartile range of concentrations for the RIM stations tend to be larger than those for the non-RIM stations because the RIM stations are targeted for stormflow sampling and have nearly the same number of stormflow and base-flow samples.
The highest and most variable concentrations of the different nitrogen species are found in the Shenandoah/Upper Potomac River Basin ( fig. 6 ). In most subbasins in the study area, nitrate is the dominant nitrogen species; however, total Kjeldahl nitrogen tends to be the dominant nitrogen species in subbasins having relatively large percentages of wetland areas, such as the York River Basin ( fig. 9 ) and Piscataway Creek (station R5, fig. 8 ) in the Rappahannock River Basin. One notable exception to this pattern is the dominance of organic nitrogen in the Jackson River Basin (station Jl, fig. 10 ), which is 88 percent forested. The dominance of organic nitrogen here may be due to discharges from sewage-treatment and industrial facilities immediately upstream from the sampling site.
With the exception of Jackson River, in the James River Basin, and Abrams Creek (station S2, fig. 6 ), in the Shenandoah/Upper Potomac River Basin, concentrations of phosphorus generally are less than 0.2 mg/L across the study area. Both Jackson River and Abrams Creek drain small watersheds that receive large amounts of sewage-treatment plant and industrial discharges. These extreme concentrations are a local phenomenon that dissipates as mixing occurs with waters downstream.
Concentrations of total suspended solids were highest in the Shenandoah/Upper Potomac and James River Basins, but the two basins have different patterns in suspended solids concentrations. In the Shenandoah/Upper Potomac River Basin, the smaller subbasins have the largest ranges and medians of suspended solids concentrations. In contrast, the ranges and medians of suspended solids in the James River Basin increase downstream.
NUTRIENT AND SUSPENDED SOLIDS LOADS
An annual load for as many as 8 water-quality constituents was estimated at the 35 load stations for a total of 188 station-constituent combinations. Annual loads having an error greater than 80 percent were excluded from the analyses for this report. Loads that were most commonly excluded were those from highflow years, particularly 1987 and 1996.
Mean annual loads generally increased with subbasin area (table 5). Variations in this trend are due primarily to differences in land cover and litho-physiography among the subbasins and because the range of years included in the mean is not consistent from station to station. The three largest mean annual loads of total nitrogen and total phosphorus were estimated for stations J7, J8, and J9, respectively, which represent the three largest subbasins in the study area. The three largest mean annual loads of total suspended solids S1  S2  S3  S4  S5  S6  S7  S8  S9 S10 S11 S12 S13 S14 S15 S16
Vertical scale of box plot is different than other box plots of the same constituent in figs. 6-10. Vertical scale of box plot is different than other box plots of the same constituent in figs. 6-10. 
PHOSPHORUS SPECIES were estimated for stations J8 and J9 in the two largest subbasins, and for R4 in the sixth largest subbasin in the study area. The three smallest mean annual loads of total nitrogen were found at stations R5, SI6, and SI5, in the 3rd, 9th, and 11th smallest subbasins, respectively. The land cover or litho-physiographic characteristics (table 4) of the subbasins containing these stations could account for the small loads. Station R5 represents a subbasin that is unusual in that it has a significant percentage (4.4 percent) of its land cover characterized as wetlands, and it is the only subbasin in the study area that lies entirely within the Coastal Plain. The two Shenandoah/Upper Potomac River Basin stations have small percentages of their land area characterized as agriculture.
Nutrient and Suspended Solids Concentrations
The three smallest mean annual loads of total phosphorus were calculated for stations among the four smallest subbasins for which data were available (table 5). Data were available to calculate mean annual total phosphorus loads for only 5 stations in the 10 smallest subbasins. All of the stations for which a mean annual load for total phosphorus was not calculated have total phosphorus concentration data available, but many of the values are at or near the detection limit (figs. 6-10). When this occurs, the load estimator model commonly fails to run; however, it is likely that the mean annual total phosphorus load at those stations is similar to the load at station LP1 or SI6, which also have many total phosphorus concentration values near the detection limit. The three smallest calculated mean annual loads of total suspended solids were for stations S3, S2, and R5, respectively representing the three smallest subbasins considered in this study.
NUTRIENT AND SUSPENDED SOLIDS YIELDS AND TRENDS
In order to make meaningful inter-basin comparisons, annual yields were calculated for each constituent by dividing the annual load by the subbasin area. The mean annual yields are summarized in table 6. Flow-adjusted trends (expressed as a percent change during the period of record for a station) and p-values of the log-linear time coefficient for the 35 stations and 8 constituents are shown in table 7. The median concentration of the first 2 years of record for each constituent at each station also is provided in table 7 to provide a basis from which to evaluate the trend. Yields and trends are described below for each major river basin.
Shenandoah/Upper Potomac River Basin
Yields were calculated for stations in 16 subbasins in the Shenandoah/Upper Potomac River Basin. About 37 percent of the land area of the Shenandoah/Upper Potomac River Basin is devoted to agriculture, the largest percentage of any major river basin in the study area. In this basin, more than in any other, agriculture refers not only to tilled land, but also to acreage used for pasture. Significant population centers include the cities of Winchester, Harrisonburg, Staunton, and Waynesboro.
In the Shenandoah/Upper Potomac River Basin, the mean annual yield of total nitrogen is related to basin size and land cover. The range of mean annual yields of total nitrogen in streams draining small subbasins is larger than the range of mean annual yields of total nitrogen in streams draining large subbasins. For example, in subbasins smaller than 200 mi2 , the mean annual yield of total nitrogen ranges from 1.49 (lbs/acre)/yr at Passage Creek near Buckton (SI6) to 15.05 (lbs/acre)/yr at Muddy Creek at Mount Clinton (S3), which is the largest value for this study. In contrast, the mean annual yield in streams draining subbasins larger than 200 mi2 ranges from 4.66 (lbs/acre)/yr at Middle River near Grottoes (S6) to 11.25 (lbs/acre)/yr at North River near Burketown (S4). A possible explanation for the difference in the ranges between the two sizes of subbasins is the greater likelihood that a small subbasin will contain a large percentage of a single LPR or land cover type than will a large subbasin. For example, the small subbasins containing stations S15 and SI6 have small mean annual yields of total nitrogen (less than 2 (lbs/acre)/yr) and each have more than 85 percent of their land area classified as forest. The small subbasins containing stations S2, S3, and S12 have large mean annual yields of total nitrogen (greater than 10 (lbs/acre)/yr) and each has a combined agricultural and urban land cover percentage greater than 69 percent. In contrast, the two largest subbasins in the Shenandoah/Upper Potomac River Basin, the North Fork Shenandoah River (SI4) and South Fork Shenandoah River (S10), have nearly identical mean annual 6.16 (1991-96) 11.85 (1985-93) 15.05 (1994-95) 11. 25 (1991-96) 8.13 (1985-96) 4.66 (1985-96) 3.21 (1985-95) 6.48 (1985-95) 7.79 (1985-96) 4.90 (1985-95) 2.88 (1985-95) 14. 46 (1993-95) 6.55 (1985-96) 4.89 (1985-95) 1. 70 (1985-95) 1. 49 (1985-96) 7. 15 (1985-87) . 53 (1992-96) . 30 (1986,88-95) . 18 (1985-95) . 35 (1986-95) . 22 (1985-95) . 24 (1993-95) . 14 (1985-96) . 20 (1985-95) 5.00 (1991-96) 6.48 (1985-93) 12.90 (1994-95) 8. 79 (1991-96) 6.00 (1985-96) 3.28 (1985-95) 2.54 (1985-95) 5.27 (1985-95) 5.15 (1985-96) 3.73 (1985-95) 4.04 (1985-95) 12. 48 (1993-95) 5.58 (1985-96) 4.22 (1985-95) 1. 10 (1985-95) . 64 (1985-95) 2. 40 (1991-96) 4.53 (1985-93) 1.92 (1994-95) 1.87 (1991-95) 2.50 (1985-95) 1.24 (1985-95) . 97 (1985-95) 1.73 (1986-95) 3.25 (1986-95) 1.73 (1985-95) . 92 (1985-95) 1. 43 (1993-95) 2.99 (1985-96) 1.27 (1985-95) . 59 (1985-95) . 66 (1985-95) Lower Potomac River Basin 5.38 (1985-96) . 36 (1985-92, 94-95) 3. 41 (1985-96) 3.07 (1985-96) Rappahannock River Basin Rl R2 R3 R4 R5
4. 81 (1985-96) 5. 20 (1989-96) 2. 31 (1992-96) . 16 (1989-91) . 30 (1986-94) . 17 (1985-86) .12 (1991-96) . 07 (1985-1995) . 40 (1985-95) . 94 (1985-95) James River Basin 46 (1985-95) 1. 65 (1985-95) 2.77 (1985-95) 4. 54 (1988-96) 2.56 (1985-95) 3.42 (1989-96) 2.81 (1985^96) 1. 83 (1990-96) . 21 (1985-95) . 28 (1985-96) . 93 (1985-96) . 70 (1985-95) . 80 (1985-95) 1. 50 (1985-95) 1.98 (1991-96) 1.53 (1985-95) 1. 36 (1985-96) 1. 80 (1985-96) . 88 (1985-95) . 91 (1985-95) 1. 29 (1985-95) .95 (1991-96) 1.52 (1985-95) 2. 24 (1985-96) " yields of total nitrogen, 4.89 and 4.90 (lbs/acre)/yr, respectively, and nearly identical percentages of all land cover types.
The pattern of a smaller range in the mean annual yields at stations in subbasins larger than 200 *\ mi observed for total nitrogen also is seen in the mean annual yields of total phosphorus, although the differences between the ranges is not very large (table 8) . The range in the mean annual yields for total suspended solids has a different pattern than for either total phosphorus or total nitrogen. The range and the minimum and maximum values defining the range in mean annual yields of total suspended solids are much greater in subbasins larger than 200 mi2 than in subbasins smaller than 200 mi . The reason for this observation is not known.
A series of linear regressions was performed for the stations in the Shenandoah/Upper Potomac River Basin to explore apparent relations between nutrient and suspended solids yields, land cover, and geology. Mean annual yield of total nitrogen was plotted and regressed against each major land cover and each LPR present in the region. Similar regression plots were created for the mean annual yield of total phosphorus and total suspended solids. Only the plots of yields of nutrient and suspended solids against agricultural and forest land covers and Valley and Ridge carbonate and Valley and Ridge siliciclastic LPR's showed clear relations.
In general, stations in subbasins having a large percentage of agricultural land cover have larger mean annual yields of nutrients and total suspended solids than stations in subbasins having a small percentage of agricultural land cover ( fig. 11) . The relation of percent agriculture to yield of total nitrogen had the largest coefficient of determination (R2), followed by the relation to total phosphorus. Yields of total suspended solids showed the same relation as those for nitrogen and phosphorus, but contained more outliers and, thus, had the lowest R values. When regressed against percentage of forest land cover, each constituent had a negative slope, indicating that yields of nutrient and suspended solids decrease with increasing percentage of forest land cover. The percentage of agriculture and forest lands are related because those two land covers make up at least 93 percent of every subbasin in the Shenandoah/Upper Potomac River Basin except Abrams Creek (S2); thus, as the percentage of agriculture increases, the percentage of forest decreases.
Regressions of each constituent with percentage of Valley and Ridge carbonate LPR in the Shenandoah/Upper Potomac River Basin were similar in direction and slope to those obtained for percentage of agriculture; however, the plots of total nitrogen and total suspended solids yields against Valley and Ridge carbonate LPR have slightly lower values of R2 ( fig. 12) . Regressions of each constituent with percentage of Valley and Ridge siliciclastic LPR indicated relations that were equal and opposite in slope to those performed for the constituents against Valley and Ridge carbonate LPR. As was seen in the agricultural and forest land covers, the percentages of Valley and Ridge carbonate LPR and Valley and Ridge siliciclastic LPR are complementary for most subbasins in the Shenandoah/Upper Potomac River Basin, which means that a decrease in the percentage of one results in an approximately equal increase in the percentage of the other.
A regression of the percentage of agricultural land cover with the percentage of Valley and Ridge carbonate LPR indicates a positive correlation between the two ( fig. 13 ). Because carbonate rocks generally are less resistant to weathering than siliciclastic rocks, they are found primarily in the valleys of Virginia's mountains. Weathering of these rocks produces soil rich in calcium and magnesium, which is excellent for crop growth. The combination of fertile soil and relatively level valley floors makes the carbonate areas of the Shenandoah/Upper Potomac Basin highly desirable for agriculture. Of the 16 subbasins in the Shenandoah/Upper Potomac River Basin, only 5 had a statistically significant trend in total nitrogen (table 7) . Significant, declining trends in total nitrogen were observed at Abrams Creek (S2), South River (S8), and Passage Creek (S16), but no spatial connection exists between those stations. Significant, increasing trends in total nitrogen were found at Smith Creek (SI3) and North Fork Shenandoah River (SI 4) both of which are in the North Fork Shenandoah River Basin. No other spatial connections seem to exist between stations having significant trends.
Significant, downward trends in total phosphorus were detected at all six load stations in the South Fork Shenandoah River Basin for which total phosphorus data were available. The downward trends ranged from 34 to 65 percent, and all were statistically significant above the 95-percent confidence level. A statistically significant trend in total phosphorus was detected at only one of the three stations in the North Fork Shenandoah River Basin for which data were available. A downward trend of 28 percent (significant at the 90-percent confidence level) was detected at station S11, the most upstream and least developed station in North Fork Shenandoah River Basin.
Significant trends in total suspended solids were detected at stations in four subbasins in the Shenandoah/Upper Potomac River Basin. The stations are widely separated and have no apparent geologic, hydrologic, or land cover similarities. In all cases, the trends in total suspended solids were downward, and at three of the four stations trends in total phosphorus were also downward.
Lower Potomac River Basin
The Lower Potomac River Basin contains a single load station, Difficult Run (LP1) ( fig. 1) . The Difficult Run watershed is a 58 mi2, moderately urbanized basin (25 percent) that drains parts of the cities of Manassas, Fairfax, and Vienna. About 52 percent of the basin is classified as forest and only about 20 percent is used for agricultural purposes (table 4).
The basin contains one of the larger percentages of wetlands (1.5 percent) in the study area. Ninety-eight percent of the basin is classified as Piedmont crystalline LPR.
The mean annual yields of total nitrogen and total phosphorus at the Difficult Run station are much larger than those for stations in other subbasins having a similar percentage of agricultural land cover (tables 4 and 6). This may be due to the large percentage of urban land cover in the Difficult Run watershed. Abrams Creek (S2), another highly urbanized subbasin, also has high mean annual yields of total nitrogen and total phosphorus. The difference in the magnitude of the yield of total nitrogen between these two urban subbasins may be due to a larger percentage of agriculture in the Abrams Creek watershed or the different LPR's in which the two subbasins are located. Although the mean annual yield of total suspended solids in the Difficult Run subbasin is the second largest in the study area, the value may be significantly in error. Yields from only three years of record (1987, 1994, and 1995) were used in the calculation, and the estimated error in the load associated with these years was between 65 and 70 percent. Loads for the intervening years were eliminated because they had estimated errors greater than 80 percent.
Two statistically significant trends were detected at the Difficult Run load station. An increase in the concentration of total nitrogen (54 percent) for the period of record may be due to the increasing use and (or) overapplication of lawn fertilizers by the expanding suburbs and businesses in Northern Virginia. A significant 53-percent decrease in the concentration of total suspended solids was detected in the basin during the same period. The observed decline in total suspended solids may be related to land use changes or it may be due to errors in the estimation of the loads resulting from a lack of data from high streamflow conditions, which may result in errors in the estimate of the flow adjusted trend coefficeint, (33 .
Rappahannock River Basin
Five subbasins are within the Rappahannock River Basin, each having similar land cover. At least 60 percent of each subbasin is forested, approximately 30 percent is agriculture, and less than 1.5 percent of each subbasin is urbanized. The four upland subbasins, represented by stations Rl, R2, R3, and R4 lie within three LPR's Blue Ridge, Piedmont crystalline, and Mesozoic basin fill. Piscataway Creek (R5) lies entirely in the Coastal Plain and is much smaller than the other four subbasins.
Mean annual yields of total nitrogen and total suspended solids are greater at the two upland subbasin stations than at the Piscataway Creek station (R5), even though the percentages of agricultural and forest land cover in each subbasin are similar. The relatively large percentage of wetlands (4.4 percent) and lack of any significant urbanization in the Piscataway Creek subbasin may contribute to the low yields calculated at station R5. Mean annual yield of total phosphorus increases from the upland subbasins down to the RIM station on the Rappahannock River near Fredericksburg (R4). Discharge from wastewater treatment plants near the cities of Remington, Culpepper, and Orange may contribute to the higher phosphorus yields observed at this station. Not enough data points are available to generate regressions of mean annual yield with land use or LPR for this major river basin.
Significant trends in total nitrogen and total suspended solids were detected at the RIM station near Fredericksburg (R4). In addition, a significant trend in total phosphorus was detected at the Fredericksburg station and at the Rappahannock River at Remington (Rl). The 152-percent increase in total phosphorus concentration calculated at the Rappahannock River at Remington represents a change from a small initial concentration over a short time period , and may not be representative of the long-term trends at that station. Long-term, basin-wide conditions as measured at the RIM station near Fredericksburg show a 26-percent decline in total nitrogen concentration, a 40-percent decline in total phosphorus concentration, and a 59-percent decline in total suspended solids concentration, and thus indicate greatly improving water-quality conditions in the Rappahannock watershed. Bell and others (1996) also found significant downward trends of these constituents at this station and suggested that implementation of agricultural best-management practices (BMP's) may be responsible for these changes.
York River Basin
Three stations in subbasins within the York River Basin met the criteria for load calculations. The North Anna River, represented by station Y1, drains to the Pamunkey River, represented by Y2. The Mattaponi River, represented by station Y3, joins the Pamunkey River outside of the study area to form the York River. The three subbasins have similar types and distribution of land cover. Agriculture accounts for 20 to 24 percent of the area of each subbasin. Sixty-seven to 70 percent of each subbasin is covered by forest. Both the Pamunkey and Mattaponi River subbasins contain a relatively large percentage of wetlands, 5.7 and 3 percent, respectively. More than 90 percent of both the North Anna and Pamunkey River subbasins are classified as Piedmont crystalline LPR, whereas only 39 percent of the Mattaponi River subbasin lies in the Piedmont crystalline LPR. The remaining 61 percent of the Mattaponi River subbasin is in the Coastal Plain LPR.
Station Y2 on the Pamunkey River has the largest mean annual yields of total nitrogen, total phosphorus, and total suspended solids of the three stations in the York River Basin (table 6). The difference in the mean annual yields of nutrients and suspended solids between station Y2 and station Yl on the North Anna River probably is due to the presence of Lake Anna, an artificial lake located about 25-river mi upstream of station Yl. The slow-moving water behind the dam allows particulate matter to settle out of the water column. In the Pamunkey River, suspended particulate matter usually carries 50 to 75 percent of the total phosphorus load during most streamflow conditions and 25 to 50 percent of the total nitrogen load during high streamflow conditions. Thus, the settling of suspended material behind the Lake Anna dam would be expected to reduce the estimated yield at stations on the North Anna River below the lake.
Yields of total nitrogen, total phosphorus, and total suspended solids at the Mattaponi River station (Y3) are lower than those calculated for the Pamunkey River station (Y2). This may be due to the larger percentage of wetlands and Coastal Plain LPR in the Mattaponi River subbasin compared to the Pamunkey River subbasin. In general, the Coastal Plain LPR has less variable relief than the Piedmont, which results in lower stream gradients and channel velocities. Lower channel velocities would result in a smaller suspended load being carried by Coastal Plain streams compared to Piedmont streams. As was seen in the North Anna River, a small suspended load can account for small yields of total nitrogen, total phosphorus, and total suspended solids. In addition, a lower gradient and a larger percentage of wetlands in the Mattaponi River subbasin suggest that the water has a longer residence time in the subbasin (compared to the Pamunkey), which would allow more time for nutrients to be utilized through natural processes.
A downward trend in total nitrogen of 16 percent was detected at the Mattaponi River near Beulahville. No statistically significant trends in total nitrogen were found at any other station. Declines in the concentration of total phosphorus were detected at the stations on the North Anna (-80 percent) and Mattaponi (-18 percent) Rivers, although the decline at the North Anna station is somewhat deceiving because the initial concentration was low, and a small decrease in the concentration can result in a large percentage decrease in the trend. The observed trends in the Mattaponi River Basin may be attributed to upgrades at the Bowling Green sewage treatment facility (the only significant point source in the basin), the implementation of BMP's in the basin, or a combination of the two.
James River Basin
The subbasins in the James River Basin account for nearly half of the study area. Most of the upper James River Basin is within the Valley and Ridge siliciclastic LPR whereas the lower basin is primarily within the Piedmont crystalline LPR. Eighty percent of the basin is forested, and although it contains the smallest percentage of agricultural land of any major basin in the study area (17 percent), it has more total area devoted to agriculture than any other major river basin (1,346 mi2). Loads could be calculated at only five stations on tributaries to the James River, and no information is available on total nitrogen, total phosphorus, or total suspended solids at one of those stations. The remaining four load stations are on the lower reaches of the mainstem of the James River. These stations are good integrators of upstream conditions. The lack of nutrient and suspended solids data for major tributaries upstream from the James River at Bent Creek (J5) prevents a more detailed examination of nutrient sources and the evolution of the water chemistry in the basin.
The mean annual yields of total nitrogen at stations on the mainstem of the James River change little from the largest headwater subbasin (represented by Jl) down to the station at Scottsville (J7), declining from 2.78 to 2.56 (lbs/acre)/yr. Although, water enters the James River from subbasins represented by stations having total nitrogen yields much higher (J6) and much lower (J4), no significant effect is observed in the yields measured on the mainstem. The increase in the yield of total nitrogen between Scottsville (J7) and Cartersville (J8) may be due to the slight increase in the percentage of agricultural land cover and the slight decrease in the percentage of forested land cover between the two stations (table 4). Because the subbasins represented by these two stations are very large, the small percent changes in land cover actually represent a relatively large area and a potentially significant source of nutrients. The decrease in the mean annual yield of total nitrogen at Richmond (J9) compared to Cartersville (J8) is attributed to error in the estimated loads due to differences in the representativeness of the respective data sets as previously discussed in the section "Estimation of Loads." The estimate of the mean annual yield at Cartersville probably is the more accurate of the two, and therefore should be used to represent the James River Basin as a whole.
In a comparison of subbasins in the study area having similar percentages of agricultural land cover, yields of total phosphorus and total suspended solids calculated at stations in the James River Basin generally are higher than those calculated at stations in the rest of the study area. A reason for this observation is not known. An exception to this observation occurs at the load station on the Appomattox River (J10). The low mean annual yields of total phosphorus and total suspended solids calculated at the Appomattox station probably are the result of settling behind the Lake Chesdin dam, located about 3 mi upstream of the station.
Mean annual yields of total phosphorus and total suspended solids from two headwater subbasins of the James River (Jl and J4) differ substantially from those calculated at the James River at Bent Creek (J5), the first station downstream that integrates both subbasins. Additional data from stations in other headwater subbasins would provide more insight into the sources and movement of phosphorus in the upper James River Basin. The mean annual yield of total phosphorus remains relatively constant from Bent Creek down to the Richmond station (J9), but the yield of total suspended solids increases by fourfold between Bent Creek and Cartersville (J8) and again by nearly threefold between Cartersville and Richmond. The cause of the large increase in the yield of total suspended solids between Bent Creek and Cartersville is largely unknown, but may be related to a change in bedrock geology and soil as the James River crosses from the Blue Ridge LPR into the Piedmont crystalline LPR, or it may be due to errors in the load estimates at Bent Creek resulting from a lack of samples collected during high streamflow conditions. The increase in the yield of total suspended solids between Cartersville and Richmond is almost certainly due to errors in the load estimates at Richmond as was discussed previously, in the section "Estimation of Loads." The yields calculated at the Cartersville station probably are the most accurate, and. therefore best represent conditions in the non-tidal James River Basin.
Regressions between yields and various basin characteristics, similar to those performed for the Shenandoah/Upper Potomac River Basin (figs. 11 and 12), were performed for the James River Basin. Because of the uniformity in land cover patterns across the basin, the results of regressions of yield with land cover were inconclusive. Data from more diverse subbasins would have allowed a more thorough investigation of yield/land cover relations. Regressions of yield with LPR were only marginally informative. The low percentage of Valley and Ridge carbonate LPR in the James River Basin and the lack of subbasins having large percentages of Piedmont crystalline rocks prevented plots of these constituents from being particularly useful because all trie-data was clustered at one end of the LPR axis. Regressions of yields of nutrient and suspended solids with Valley and Ridge siliciclastic LPR showed poor fits and were heavily influenced by one or two outliers. Removal of the outliers produced more satisfactory results, but reduced the number of data points to an unacceptably low number.
An upward trend in total nitrogen was observed at the Jackson River station. This trend is apparent in plots of the yields of total nitrogen ( fig. 14,4) and total Kjeldahl nitrogen (fig. \AB} even though the yields are not flow adjusted. The trends may be caused by new, higher capacity wastewater treatment facilities brought on-line after 1985 that may be redirecting waste that was previously discharged to the ground-water system by septic tanks. A downward trend in total nitrogen at the 95-percent confidence level is observed at the Maury River (J4) and Piney River (J6) stations. Additionally, downward trends at the 90-percent confidence level were observed in the James River at both the Cartersville (J8) and Richmond (J9) stations. No cause for these trends could not be determined. Flow-adjusted trends in the concentration of total phosphorus showed significant decreases at the 90-percent confidence level at five of the seven stations in the James River Basin for which sufficient data were available; no significant trend was detected at the Maury River station (J4) and an upward trend was detected at the Appomattox station (J10). The most likely cause of these declines is basin-wide improvements in wastewater treatment facilities and the 1988 phosphate detergent ban.
Only two trends in total suspended solids at the 95-percent confidence level were detected. Flow-adjusted trends in concentration at the Calfpasture River station (J3) decreased by 68 percent and those at the James River at Bent Creek (J5) increased by 83 percent. At the 90-percent confidence level, additional decreases were detected at the Maury River station (J4) (which contains the Calfpasture River) and at the James River at Cartersville (J8).
CONCLUSIONS
The five major river basins analyzed for this study differ greatly in land cover and litho-physiographic patterns. In general, the mean annual yield of nutrients and suspended solids tends to increase with percentage of agricultural and urban area. The presence of wetlands and dams appear to reduce the yields of nutrient and suspended solids in agricultural and urbanized basins.
In the Shenandoah/Upper Potomac River Basin, nutrient and yield of suspended solids generally were highest in basins having the largest percentage of agricultural land cover. Small basins tend to have little variation in their land cover and litho-physiography. This uniformity is the main reason that many of the highest and lowest yields are found in basins smaller than 200 mi . A basin that is almost 100 percent forested would be expected to yield very little nutrients or suspended solids, whereas a basin having 50 percent or more agricultural and urban area would be expected to have large nutrient and suspended solids yields.
The James River Basin has a small percentage of agriculture, but total phosphorus yields are similar to those found in highly agricultural basins like the Shenandoah/Upper Potomac. Additional information on phosphorus loads from tributaries to the mainstem James River is needed to better understand the sources and mobility of this nutrient in the James River Basin. Total nitrogen yields in the James River Basin are comparable to those found in other basins having similar percentages of agriculture.
In general, flow-adjusted trends of nutrient and suspended solids are decreasing across the study area. Of the 182 trends that were calculated, 72 were statistically significant at the 95-percent confidence level, and of those, 53 were downward and 19 were upward. 'Trends were most consistently observed for total phosphorus, total suspended solids, dissolved ammonia, and total Kjeldahl nitrogen. The overall decline in the concentration of total phosphorus and total suspended solids suggests that stormwater management and erosion controls are having a beneficial effect on the reduction of those constituents. The downward trends observed for ammonia and Kjeldahl nitrogen are not consistently coupled with downward trends in total nitrogen. This suggests that, at some stations, the species of nitrogen is changing, but the total amount is remaining essentially the same.
Significant errors in the estimated loads of total suspended solids were observed at stations in the James River. The errors point to a need for additional sampling during high streamflows to properly characterize this constituent using the load estimator model. Smaller errors in the estimated loads of total nitrogen and total phosphorus also were attributed to the paucity of high-flow samples. Errors in dissolved constituents are smaller because (1) concentrations of these nutrients are much smaller than for suspended solids and (2) the range of concentrations of nitrogen and phosphorus is much smaller than the range of concentrations of total suspended solids. This problem is not limited to the James River Basin and may occur at any site that is not adequately sampled during high-flow conditions. A sampling program begun in 1996 on the North Fork Shenandoah and South Fork Shenandoah Rivers will help to address the need for high-flow event concentration data at stations other than the River Input Monitoring stations.
